BACKGROUND: The objectives of this phase I study were to assess the safety and tolerability of E7080 in patients with advanced, refractory solid tumours; to determine the maximum tolerated dose (MTD) and pharmacokinetics profile of E7080; and to explore preliminary evidence of its anti-tumour efficacy. METHODS: E7080 was administered orally in escalating doses on a once-daily continuous schedule in 28-day cycles to eligible patients. Samples for pharmacokinetic analyses were collected on days 1, 8, 15 and 22 of cycle 1 and day 1 of cycle 2. Anti-tumour efficacy was assessed every two cycles. RESULTS: Eighty-two patients received E7080 in dose cohorts from 0.2 to 32 mg. Dose-limiting toxicities were grade 3 proteinuria (two patients) at 32 mg, and the MTD was defined as 25 mg. The most frequently observed cumulative toxicities (all grades) were hypertension (40% of patients), diarrhoea (45%), nausea (37%), stomatitis (32%) and vomiting (23%). Seven patients (9%) had a partial response and 38 patients (46%) had stable disease as best response. E7080 has dose-linear kinetics with no drug accumulation after 4 weeks' administration. CONCLUSION: E7080 is well tolerated at doses up to 25 mg per day. Encouraging anti-tumour efficacy was observed in patients with melanoma and renal cell carcinoma.
Aberrant angiogenesis is important in many disease states including cancer (Dvorak, 2005) , and is critical for tumour cell survival, local invasion and metastasis (Verheul et al, 2004) . Numerous extracellular cell surface and intracellular molecules that can modulate angiogenesis have been identified (Senger et al, 1990; Roy et al, 2006) , including growth factors, adhesion molecules, proteinases, extracellular matrix proteins, transcription factors and signalling molecules (Ivy et al, 2009 ). Vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) have been implicated among the many angiogenic stimulators that promote tumour angiogenesis. Vascular endothelial growth factor has been identified as a crucial regulator of physiological and pathological angiogenesis, primarily via activation of VEGF receptor-2 (VEGFR2; kinase insert domain receptor (KDR); Ferrara et al, 2003) .
The concept of targeting angiogenesis for anti-tumour therapy was initially proposed in the 1970s (Folkman, 1972) . A number of angiogenesis inhibitors have been approved for use in clinical oncology practice, including bevacizumab (colorectal, breast, nonsmall-cell lung and renal cell cancers), a monoclonal antibody directed against VEGF-A (Hurwitz et al, 2004; Reck et al, 2009) , and sorafenib (renal cancer and hepatocellular carcinoma) and sunitinib (renal cell cancer, and gastrointestinal stromal and pancreatic neuroendocrine tumours), which are orally available multi-kinase inhibitors with activity against VEGF and PDGF receptors (Escudier et al, 2007; Motzer et al, 2007) . E7080 is an orally active inhibitor of multiple receptor tyrosine kinases (RTKs), including KDR (VEGFR-2), Flt-1 (VEGFR-1), FGFR1, PDGFR-b and c-kit (Matsui et al, 2008b) . E7080 potently inhibits VEGF-driven KDR phosphorylation in human umbilical vein endothelial cells (HUVECs) and inhibits VEGF-driven HUVEC proliferation and tube formation (Matsui et al, 2008b) . It has potent anti-tumour activity against a number of human cancer cell lines in mouse xenograft models, mediated via inhibition of angiogenesis (Matsui et al, 2008a, b) . The strong potency against FGF-R1 differentiates E7080 from other currently approved tyrosine kinase inhibitors with antiangiogenesis properties (Karaman et al, 2008; Matsui et al, 2008b) The objectives of this phase I study were to assess the safety and tolerability of E7080 in patients with advanced, refractory solid tumours; to determine the maximum tolerated dose (MTD) and pharmacokinetic (PK) profile of E7080; and to explore preliminary evidence of its anti-tumour efficacy.
PATIENTS AND METHODS

Patients and eligibility criteria
This was a non-randomised, open-label, phase I, dose-escalation study conducted in accordance with the International Conference on Harmonisation Good Clinical Practice with the ethical principles of the current Declaration of Helsinki and approved by the Research Ethics Committee at each of the two participating institutions (clinicaltrials.gov identifier NCT00121719). All patients provided written informed consent before any study-related procedures were performed.
All patients who entered the study had a histologically or cytologically confirmed solid tumour, refractory to conventional therapies or for which there was no available effective therapy. Eligibility criteria included adequate performance status, haematological, renal and hepatic function (Supplementary Data, Appendix 1).
Primary and secondary outcome measures
The primary outcome measure for this clinical study was to determine the MTD for E7080 based on the observed dose-limiting toxicities (DLTs). Secondary outcome measures included the safety of E7080, its PK profile and efficacy measurements. A preliminary assessment of the effect of food on the PK profile was also performed after the MTD was determined.
Treatment administration
E7080 was administered orally on an empty stomach (after an overnight fast) on a continuous once-daily administration schedule, with one cycle of treatment consisting of 28 days. Only clear fluids were allowed within 2 h of drug administration. Treatment continued until progressive disease or unacceptable toxicity, despite dose modification.
The starting dose (0.2 mg per day) was based upon the Toxic Dose Low that caused only reversible testicular changes in 4-week toxicology studies in dogs. Dose escalation was performed with an accelerated design (Supplementary Data, Appendix 2) and continued until the MTD was determined.
Once the MTD had been established, a food-effect investigation was initiated. Patients were randomly assigned to receive the cycle 1, day 15 dose of E7080 in a fed (following a high-fat meal) or fasted (overnight fast of X10 h) state, with each patient then receiving the cycle 1, day 22 dose in the reverse state. In both cases, no food was allowed for 4 h following administration of E7080.
Evaluation of toxicity
Toxicity was graded using the National Cancer Institute (Washington, DC, USA) Common Toxicity Criteria, version 3.0. Physical examination, measurement of blood pressure, full blood count, biochemical profile and urinalysis were performed weekly during cycle 1, during which DLT was defined. Electrocardiograms were performed on days 1 and 8 of cycle 1. A DLT was defined as any of the following drugrelated toxicities: grade X3 haematological or non-haematological toxicity; repeated grade 2 haematological or non-haematological toxicity requiring dose reduction; and failure to administer X75% of the planned dosage of E7080 during cycle 1 as a result of treatment-related toxicity.
If one out of three patients experienced a DLT, up to three patients were treated at that dose level. The MTD was defined as the highest dose level at which one or fewer of six patients experienced a DLT. An additional cohort of 12 patients was treated at the MTD.
Criteria for dose interruptions and dose modifications, and the methods for disease evaluation and objective response assessments using Response Evaluation Criteria in Solid Tumours (Therasse et al, 2000) , are included in the Supplementary Data.
Pharmacokinetic studies
Blood and urine samples for PK analyses were collected as described in the Supplementary Data, Appendix 3. E7080 concentrations were measured using a liquid chromatography-tandem mass spectrometry method. Pharmacokinetic parameters for plasma and urine included time to maximal plasma concentration (t max ), maximal plasma concentration (C max ), area under the plasma concentration-time curve from zero to 24 h (AUC 0-24 ), AUC from zero to infinity (AUC 0-N ), AUC over the dosing interval (AUC 0-t ), plasma half-life (t ½ ), apparent clearance (CL/F) and volume of distribution (V/F) were calculated using WinNonlin (Pharsight Corporation, Mountain View, CA, USA), version 6.0. In the foodeffect investigation, the 90% confidence intervals (CIs) for the logtransformed C max and AUC 0-24 (fed/fasted) were calculated using analysis of variance. If a range within 80-125% was found, then the concomitant intake of food was considered not to modify the bioavailability of E7080.
RESULTS
Patient characteristics
Eighty-two patients were enroled between July 2005 and July 2008 at The Netherlands Cancer Institute, Amsterdam, The Netherlands, and at the Beatson West of Scotland Cancer Centre, Glasgow, UK. Median age was 54 years (range 25-84 years). There were roughly equal numbers of men and women in the study. Almost half (46%) of patients had a Karnofsky performance status of 490. Most patients had undergone prior surgery and chemotherapy (Table 1) . Specifically, most patients had received more than one prior systemic therapy regimen, including 25 patients (30%) who had received two regimens, 15 (18%) with three regimens and 10 (12%) with four or more regimens.
Patients received E7080 in dose cohorts: 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 16, 20, 25 and 32 mg, with subsequent expansion of the MTD dose cohort (25 mg), which included 11 patients in the food-effect evaluation. A number of patients required dose reductions due to cumulative toxicity after the DLT assessment period at higher starting doses (416 mg), which were below the MTD (Supplementary Data, Table 1 ) but higher than the lowest dose at which anti-tumour activity had been observed. Consequently, an additional cohort of patients was enroled at a dose of 12 mg to allow for further investigation of the tolerability and anti-tumour effect of E7080.
Toxicity
Dose-limiting toxicity Dose-limiting toxicities occurred in five patients: at doses of 6.4 mg (n ¼ 1, grade 3 febrile neutropenia), 12.5 mg (n ¼ 1, grade 4 thrombocytopenia), 16 mg (n ¼ 1, grade 3 hypertension and grade 3 fatigue in the same patient) and 32 mg (n ¼ 2, both grade 3 proteinuria). A second patient developed a possible DLT of grade 3 proteinuria at 12.5 mg. The majority of patients treated at the 12.5-mg dose level experienced little toxicity, and given the uncertainty over the true degree of proteinuria in this patient (grade 1 proteinuria at screening and possible inaccuracy of the collection method), an additional three patients were included at this dose level with no further DLTs. Subsequently, dose-escalation proceeded as planned, with the conclusion that a starting dose of 32 mg was not tolerable and the MTD should be 25 mg. No patient had a DLT on the basis of receiving o75% of the planned cycle 1 dose.
Phase I study of E7080 in patients with advanced solid tumours DS Boss et al Treatment-related cumulative toxicity The most frequent drugrelated toxicities (all grades) were hypertension (n ¼ 33, 40%), proteinuria (n ¼ 21, 26%) and gastrointestinal toxicities including nausea (n ¼ 30, 37%), diarrhoea (n ¼ 28, 45%), stomatitis (n ¼ 26, 32%) and vomiting (n ¼ 19, 23%) ( Table 2 ). Most of these toxicities were grade p2 (data not shown). Grade 3 hypertension occurred in nine patients (11%) and grade 3 proteinuria in six patients (7%), with a trend towards an increase in hypertension and proteinuria with increasing doses of E7080 (Table 3 ). In the expanded MTD cohort of 25 mg (n ¼ 24), grade 3 hypertension occurred in three (13%) patients and grade 3 proteinuria in two (8%) patients.
Haematological toxicities occurred in six patients (7%). There was one report of grade 3 thrombocytopenia (in a patient receiving 25 mg) and two reports of grade 4 thrombocytopenia (in patients receiving 12.5 and 25 mg doses). There was one report of grade 3 neutropenia (in a patient receiving 25 mg) and one patient with a starting dose of 6.4 mg reported grade 3 febrile neutropenia.
Dose modifications
Dose modifications were required in 40 patients (49%); at the MTD of 25 mg, dose modifications were required in 13 patients (54%). Most dose modifications occurred in patients treated with doses of E7080 X12 mg per day, and the majority were required early in the course of their treatments (Supplementary Data, Table 1 ). The most common reasons for dose modifications were proteinuria (n ¼ 14, 17%) and hypertension (n ¼ 9, 11%). Stomatitis led to a dose reduction in two patients.
Anti-tumour activity
Confirmed partial responses (PRs) were observed in patients diagnosed with renal cell carcinoma, melanoma and soft tissue sarcoma (Table 4) . Thirty-eight patients (46%) had stable disease (SD) as best response. Clinical benefit (defined as PR rate plus SD rate) occurred in 45 patients (55%). As of 1 June 2011, two patients remain on treatment. Objective responses and/or prolonged disease stabilisation were observed in particular in patients with renal cancer and malignant melanoma. Four of nine patients with renal Figure 1A) . The range for all patients with melanoma was larger, with one patient showing a decrease of approximately 85% in the sum of the longest tumour diameters ( Figure 1B) . Patients with renal cancer (all dose cohorts; n ¼ 9) had a median progression-free survival (PFS) of 477 days (95% CI 279.0-559.0 days) and one patient remains on treatment after 59 weeks ( Figure 1C ). Patients (n ¼ 14) with melanoma had a median PFS of 217 days (95% CI 109.0-379.0 days) ( Figure 1D ). All but one patient with renal cancer treated with E7080 had received at least one prior therapy (Supplementary Data, Table 2 , data not documented for one patient), although six of these had not received prior antiangiogenesis therapy. Examples of computed tomography responses in a patient with renal cancer and a patient with melanoma are shown in Figure 2 .
Pharmacokinetics
Blood samples for PK analyses were obtained from 81 patients after a single dose of E7080 (Supplementary Data, Table 3 ). E7080 was absorbed rapidly with maximum concentrations achieved within 3 h. Both exposure to E7080 and observed C max concentrations increased linearly with increasing dose (Supplementary Data,  Figures 1 and 2) , and the median t ½ of E7080 varied between 5.3 and 8.3 h at the higher dose levels (X6.4 mg). The terminal elimination phase could not be estimated properly for several patients treated at the lower dose levels (up to 0.4 mg) due to insufficient data points in the terminal phase. Consequently, no t 1/2 , CL/F or V/F could be reported for these patients. At the higher doses, median clearance of E7080 ranged between 4.3 and 10.4 l h À 1 , while the drug had a moderate median V/F ranging between 50.5 and 92.0l. Comparable results were obtained following multiple doses of E7080 (Supplementary Data, Table 4 ). No accumulation was observed after multiple dosing (the C max values observed at steady state were equal to those observed after a single dose). Eleven patients were included in the food-effect study. No effect of food on exposure or maximum achieved plasma concentrations were observed (AUC ratio fed/fasted of 1.00 (90% CI 0.83-1.20); C max ratio fed/fasted of 0.98 (90% CI 0.73-1.31)). However, there was a significant effect on t max , shifting from 2 h in the fasted group to 5 h in the fed group (median values 2.0 vs 5.0 h, respectively; P ¼ 0.015).
DISCUSSION
E7080 is well tolerated when administered by a single, oral, daily continuous dosing schedule. The DLTs were grade 3 proteinuria, observed in two patients at 32 mg, as well as febrile neutropenia, proteinuria, thrombocytopenia and hypertension/fatigue observed in one patient each at 6.4, 12.5, 12.5 and 16 mg, respectively. The MTD was defined as 25 mg once daily, a total daily dose that is comparable to the maximum daily dose determined in another recently published clinical study of E7080 (Yamada et al, 2011) , in which E7080 was administered twice daily (b.i.d.) in a 2-week-on/ 1-week-off schedule (MTD of 13 mg b.i.d.).
Treatment-related hypertension (all grades, all cycles) was reported in 40% of patients in this study, in keeping with the Phase I study of E7080 in patients with advanced solid tumours DS Boss et al incidence of hypertension reported in the other phase I study with E7080, as well as in studies of other agents that target the VEGFsignalling pathway (Roodhart et al, 2008; Launay-Vacher and Deray, 2009; Yamada et al, 2011) . The incidence of treatmentrelated proteinuria observed in this study (all grades, all cycles; 26% of patients) was much higher than with sorafenib or sunitinib (Faivre et al, 2006; Strumberg et al, 2006) , but comparable to bevacizumab (Kamba and McDonald, 2007) and lower than that observed for b.i.d. dosing with E7080 (Yamada et al, 2011) .
Hypertension was manageable in this study with the introduction of antihypertensive agents at first occurrence of diastolic blood pressure X100 mm Hg, although dose reductions for proteinuria were required in 17% of patients and for hypertension in 11% of patients. Significant proteinuria was managed by dose interruption and/or modification with no indication for renal support. Recently, a management model for hypertension and proteinuria following treatment with E7080 has been developed using PK, blood pressure and urinalysis data from the study described here (Keizer et al, 2010) , and which can be applied to future studies. A clear relation between exposure and response was established, both for hypertension and for the probability of experiencing proteinuria (Keizer et al, 2010) . Gastrointestinal toxicities were observed frequently but were generally mild (grade p2). Stomatitis was mainly observed at the higher dose levels, but led to a dose reduction in only two patients (2%). Stomatitis is commonly observed with other angiogenesis inhibitors, although the underlying mechanism remains unclear (Eskens and Verweij, 2006) . Interestingly, stomatitis was not reported with b.i.d. dosing (Yamada et al, 2011) . In our study, haematological toxicities were uncommon, occurring in 7% of patients (all grades). There was one occurrence of grade 3 neutropenia, one of grade 3 febrile neutropenia, and one of grade 3 and two of grade 4 thrombocytopenia.
Clinical benefit (PR or SD) was observed in 55% of patients treated with E7080, which compares favourably with other phase I studies (Horstmann et al, 2005) . E7080 has antiangiogenic properties, so efficacy in patients with renal cell carcinoma could have been anticipated. Six of these nine patients had not previously received an angiogenesis inhibitor due to reimbursement issues at the study centres. Nevertheless, two patients who had previously been treated with angiogenesis inhibitors for renal cell carcinoma had evidence of clinical benefit (one with disease stabilisation lasting 10 cycles; one with a PR lasting 18 cycles).
The preliminary evidence for the efficacy of E7080 in patients with melanoma is of interest. Angiogenesis is required for melanoma progression and metastasis (Basu et al, 2009 ). Expression of VEGF and VEGFR1-3 is significantly higher in melanoma than in nevi, and VEGFR2 expression is higher in metastases than in primary melanomas (Mehnert et al, 2010) . Basic FGF and its respective RTKs form an autocrine loop that affects human melanoma growth and metastasis, and basic FGF induces a transformed phenotype in normal human melanocytes (Nesbit et al, 1999) . Expression of a dominant-negative FGF receptor (FGFR) inhibits proliferation and survival of melanoma cells in vitro (Ozen et al, 2004) . Autocrine cell proliferation and tumourigenesis of human melanoma cells are also suppressed in vitro by a kinase-deficient FGFR1 (Yayon et al, 1997) . Thus E7080, by targeting both FGFR1 and VEGFR2, may have efficacy in patients with metastatic melanoma. The preliminary evidence of efficacy in patients with melanoma is unexpected given the recent failure of sorafenib in this patient population (Ott et al, 2010) . The observed efficacy of E7080 might be caused by more potent target inhibition or by its effects on additional targets (e.g., FGFR1) compared with sorafenib and sunitinib. Targeting of c-kit might also have contributed to this effect, as c-kit mutations and/or overexpression can be found in certain melanoma subtypes (Curtin et al, 2006) . It was shown that imatinib, an inhibitor of c-kit, is active in patients with metastatic melanoma harbouring c-kit aberrations (Guo et al, 2011) . Recently, this was also shown for sunitinib (Minor et al, 2012) . E7080 can reduce the number of c-kit-positive circulating endothelial progenitor cells and circulating endothelial cells, but not c-kit-negative cells (Yamada et al, 2011) . This suggests an effect of E7080 on c-kit expressing cells in vivo. However, mutation analyses (c-kit, B-Raf, N-ras) were not performed on tumour samples from patients with melanoma in our study, as these analyses were not routinely performed in patients with melanoma at the time of recruitment.
The MTD was 25 mg, but maintaining this dose for long-term administration may be challenging as dose reductions were required in 54% of patients who started treatment at this dose. However, clinical benefit was observed more frequently in patients in the higher dose cohorts. Patients with higher diastolic blood pressure levels (X90 mm Hg) during treatment with the angiogenesis inhibitor axitinib have responded better than patients with levels below 90 mm Hg (Rixe et al, 2009) . Consequently, we propose a starting dose of 25 mg of E7080, and patients who develop hypertension should receive antihypertensive drugs and remain on the same dose of E7080, if possible. Pharmacokinetics analyses showed that the co-administration of food had no effect on the plasma peak levels for E7080, and that plasma concentrations exceeded the levels that appeared effective in vitro (Yamada et al, 2011) . and abdomen (lower panels) from a patient with renal cancer at baseline (left panels) and after 24 weeks' treatment with E7080 (right panels). Overall reduction in tumour size was 51%. (B) CT scans of thorax from a patient with melanoma at baseline (left) and after 32 weeks' treatment with E7080 (right). Overall reduction in tumour size was 77%. Abbreviation: CT ¼ computed tomography.
In conclusion, this study demonstrates that E7080 is well tolerated when administered to patients with advanced solid tumours at doses up to 25 mg per day. Encouraging anti-tumour activity was observed in patients with melanoma and renal cell carcinoma. These results form the basis of phase II studies in several cancer types, including melanoma, most of which use a dosing regimen of 24 mg once daily. Preliminary results from one study in patients with advanced radioiodine-refractory differentiated thyroid cancer have demonstrated an objective response rate of 59% (Sherman et al, 2011 ) and a phase III study is ongoing (NCT01321554).
